Neuronal nitric oxide synthase (nNOS) is composed of an oxygenase domain that binds heme, (6R)-tetrahydrobiopterin, and Arg, coupled to a reductase domain that binds FAD, FMN, and NADPH. Activity requires dimeric interaction between two oxygenase domains and calmodulin binding between the reductase and oxygenase domains, which triggers electron transfer between flavin and heme groups. We constructed four different nNOS heterodimers to determine the path of calmodulin-induced electron transfer in a nNOS dimer. A predominantly monomeric mutant of rat nNOS (G671A) and its Arg binding mutant (G671A/E592A) were used as fulllength subunits, along with oxygenase domain partners that either did or did not contain the E592A mutation. The E592A mutation prevented Arg binding to the oxygenase domain in which it was present. It also prevented NO synthesis when it was located in the oxygenase domain adjacent to the full-length subunit. However, it had no effect when present in the full-length subunit (i.e. the subunit containing the reductase domain). The active heterodimer (G671A/E592A full-length subunit plus wild type oxygenase domain subunit) showed remarkable similarity with wild type homodimeric nNOS in its catalytic responses to five different forms and chimeras of calmodulin. This reveals an active involvement of calmodulin in supporting transelectron transfer between flavin and heme groups on adjacent subunits in nNOS. In summary, we propose that calmodulin functions to properly align adjacent reductase and the oxygenase domains in a nNOS dimer for electron transfer between them, leading to NO synthesis by the heme.
Nitric oxide (NO) 1 acts as a vital signal and cytotoxic molecule in biology (1) (2) (3) . It is enzymatically synthesized from Larginine (Arg) by NO synthases (NOSs). The NOSs typically show a bidomain structure in which an N-terminal oxygenase domain containing binding motifs for iron protophyrin IX (heme), (6R)-tetrahydrobiopterin (H4B), and Arg is fused to a C-terminal reductase domain that contains binding sites for FMN, FAD, and NADPH. A calmodulin (CaM) binding site is located between the oxygenase and reductase domains. The NOS oxygenase and reductase domains can be separately expressed in Escherichia coli and fold and function independent of one another. This has facilitated biochemical, biophysical, and crystallographic studies of each domain (4 -11) .
Conversion of Arg to NO occurs in two steps that involve an initial formation of N -hydroxy-L-arginine (NOHA) as an enzyme-bound intermediate, followed by its further oxidation to NO and citrulline (12) (13) (14) . Both steps require transfer of NADPH-derived electrons from the reductase domain flavins to the heme group in the oxygenase domain, which is bound to the protein through a cysteine thiolate axial ligation as in the cytochromes P450 (15) (16) (17) (18) . In the reductase domain, NADPH first reduces FAD, which shuttles electrons to FMN. The FMN to heme electron transfer in neuronal NOS (nNOS) and endothelial NOS (eNOS) is triggered by CaM binding (19 -21) and is imperative for catalysis because it enables the heme iron to bind and activate oxygen in both steps of the reaction sequence. In nNOS and eNOS, CaM binding requires elevated Ca 2ϩ and is readily reversible, whereas CaM binding to inducible NOS (iNOS) occurs at extremely low Ca 2ϩ concentrations and is essentially irreversible (22, 23) . Thus, nNOS or eNOS has typically been used to investigate the mechanism of CaM activation in NOS (19, (23) (24) (25) (26) (27) (28) .
NOS are only active in dimeric form. It is therefore critical to explore why and how dimerization influences their catalysis. Various aspects of dimerization have mainly been studied in nNOS and iNOS. In order to dimerize, nNOS and iNOS monomers must first incorporate heme, and the dimeric NOS structure is further stabilized by binding H4B and Arg (29 -31) . The dimeric interaction primarily involves the oxygenase domains of two subunits, with the reductase domains interacting loosely as monomeric tails (32) . The electron transfer pathway between the reductase and oxygenase domains in a dimer has only been established for iNOS (33, 34) . It proceeds from the FMN of one subunit to the heme bound in the partner subunit of the dimer. Thus, in iNOS heme reduction occurs exclusively "in trans," and this helps explain why dimerization is required for its activity. However, it is not known if heme reduction occurs through the same path in other NOS isoforms, and it is unclear how CaM binding might control the process.
To address these issues, we generated and characterized four nNOS heterodimers composed of a full-length subunit and a nNOSoxy partner subunit. Such heterodimers have a single reductase domain attached to a dimeric oxygenase domain. The heterodimers contained point mutations to inhibit homodimer formation (G671A) or prevent Arg binding (E592A) (Fig. 1 ). In addition, we utilized a soybean CaM protein and CaM-troponin C chimeras that are known to support different rates of heme reduction in wild type nNOS relative to mammalian CaM (25, * This work was supported by National Institutes of Health Grants CA53914 and GM51491 (to D. J. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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EXPERIMENTAL PROCEDURES
Materials-All reagents and materials were obtained from Sigma or sources previously reported (33) (34) (35) . Soybean CaM-1 point mutant V144M was a gift from Dr. J. David Johnson (Biochemistry Department, Ohio State University). L-NOHA was a gift from Dr. Bruce King (Chemistry Department, Wake Forest University). The CaM-cardiac troponin C (CaMTnC) chimeras CaM1TnC, CaM2TnC and CaM3TnC (number refers to the CaM domain that is replaced by an analogous TnC domain in the chimera) were expressed in E. coli and prepared as previously described (36) .
Molecular Biology-Wild type and mutant nNOS containing a His 6 tag attached to their N terminus were overexpressed in E. coli strain BL21 (DE3) using a modified pCWori vector as described (25, 35) . Restriction digestions, cloning, and bacterial growth were performed using standard procedures (38) . Transformations were done using TransformAid kit from MBI Fermentas. Site directed mutagenesis was done using the QuickChange polymerase chain reaction in vitro mutagenesis kit from Stratagene. Incorporated mutations were confirmed by DNA sequencing at the Yale University DNA sequencing facility. DNAs containing the desired mutations were transformed into E. coli strain BL21 (DE3) for protein expression.
Oligonucleotides used to construct site-directed mutants in nNOS were synthesized by Integrated DNA Technologies. Silent mutations coding for restriction sites were incorporated in the mutated oligonucleotides to aid screening. Mutations (boldface type), silent restriction sites (underlined), and their corresponding oligonucleotides were as follows: G671A-BamHI-sense, p-GAGGGGCCTGCCCCGCCGACT-GGGTGTGGATTGTGCCTCCCATGTCGGGATCCATCACCCCTG; G671A-antisense, p-CAGGGGTGATGGATCCCGACATGGGAGGCAC-AATCCACA CCCAGTCGGCGGGGCAGGCCCCTC; E592A-KpnIsense, p-TCAGCGGCTGGTACATGGGTACCGCGATCGGCGTCCG; E592A-antisense, p-CGGACGCCGATCGCGGTACCCATGTACCAGC-CGCTGA.
Expression and Purification of Wild Type and Mutant nNOS-Wild type and mutant nNOS were purified in the absence of H4B and Arg as described previously (25, 39) . The UV-visible spectra were recorded on a Hitachi U3110 Spectrophotometer in the absence and presence of 10 mM Arg and 20 M H4B. The ferrous heme-CO-adduct absorbing at 444 nm was used to quantitate heme protein content using an extinction coefficient of 74 mM Ϫ1 cm Ϫ1 (A 444 -A 500 ). Gel Filtration-Dimer and monomer content of the mutant fulllength nNOS proteins were estimated using an Amersham-Pharmacia Superdex 200HR column equilibrated with 40 mM EPPS, pH 7.6, containing 10% glycerol, 3 mM DTT, and 0.25 M NaCl after overnight incubation of the proteins with and without Arg (10 mM) and H4B (100 M). Molecular weights of the protein peaks were estimated relative to protein molecular weight standards.
Preparation of nNOS Heterodimers-Wild type nNOSoxy or nNOSoxyE592A proteins were first incubated at a concentration of 30 -40 M with 3 M urea in 40 mM EPPS, 3 mM DTT, and 10% glycerol for 2.5 h at 15°C to generate their monomers. The samples were then diluted 10-fold with 40 mM EPPS, 10% glycerol, and 3 mM DTT and incubated at different concentrations (0 -1.5 M) with 0.3 M of fulllength G671A nNOS or full-length G671A/E592A nNOS. To promote dimerization, 200 M H4B and 20 mM Arg were added to the protein mixtures to give a final volume of 50 l, and the samples were incubated for 1 h at 30°C. Antagonist experiments were done with the G671A and G671A/E592A full-length mutants the same way, except they also included 0.3 M wild type nNOSoxy monomer in each well. Large scale heterodimer preparations for measuring heme reduction were made by scaling up the total volume to 1 ml and upgrading the full-length protein concentration to 3 M and the oxy domain monomer concentration to 6 M.
Low Temperature SDS-Polyacrylamide Gel Electrophoresis-Formation of a heterodimer from G671A and nNOSoxy subunits was investigated using the low temperature method of Klatt et al. (30) with modifications. Protein samples were mixed with 20 l of sample buffer containing 0.125 M Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (w/v) glycerol, and 0.02% (w/v) bromphenol blue and subjected to SDS-polyacrylamide gel electrophoresis in an ice-water bath at a constant current of 16 mA on 1-mm slab gels (7 ϫ 8 cm) using a Mini Protean II apparatus from Bio-Rad. Gels and buffers were equilibrated at 4°C prior to electrophoresis. In a separate experiment, the same samples were boiled in the additional presence of 10% (v/v) ␤-mercaptoethanol before being subjected to SDS-polyacrylamide gel electrophoresis under similar conditions as described above. Subsequently, gels were stained for protein with Coomassie Blue R-250. The apparent molecular mass of the heterodimer and its component G671A and nNOSoxy subunits were determined using the Bio-Rad prestained SDS-polyacrylamide gel electrophoresis standards myosin (subunit mass 197 kDa), ␤-galactosidase (subunit mass 115 kDa), bovine serum albumin (subunit mass 89 kDa), and ovalbumin (subunit mass 52 kDa).
NO Synthesis and NADPH Oxidation-After the incubation to promote dimerization, heterodimer NO synthesis was assayed in 96-microwell plates by diluting each sample to 100 l with assay buffer such that each well contained a final concentration of 40 mM EPPS, 3 mM DTT, 4 M FAD, 4 M FMN, 200 M H4B, 20 mM Arg, 0.9 mM EDTA, 1.2 mM Ca 2ϩ , 0.9 M CaM, 1 mg/ml bovine serum albumin, 18 units/ml catalase, and 10 units/ml superoxide dismutase. NADPH (1 mM) was added to each well to start the reaction. These were then incubated at 37°C for 30 min, and the reaction was stopped by enzymatic oxidation of NADPH. Griess reagent (0.1 ml) was added to each well, and the absorbance was measured at 550 nm in a microplate reader. Nitrite produced by the heterodimers was quantified using NaNO 2 standards. In some cases, the heterodimer NO synthesis was also assayed using the spectrophotometric oxyhemoglobin assay (16, 34) . After the dimerization incubation, sample aliquots were transferred into cuvettes containing 40 mM EPPS (pH 7.6), 0.3 mM DTT, 4 M FAD, 4 M FMN, 100 M H4B, 10 mM Arg, 1 mg/ml bovine serum albumin, 0.8 mM Ca 2ϩ , 0.6 mM EDTA, 0.9 M CaM, 100 units/ml catalase, 10 units/ml superoxide dismutase, 5 M oxyhemoglobin, and 300 M NADPH in a total reaction volume of 300 l. Heterodimer concentration was maintained at 0.2 M in the cuvette. The reactions were initiated by adding NADPH and run for 3 min at 37°C. The NO-mediated conversion of oxyhemoglobin to methemoglobin was monitored at 401 nm and converted to a rate of NO synthesis using a difference extinction coefficient of ⑀ 401 ϭ 38 mM
. Similar assays contained ScaM1 V144M protein or CaMTnC chimeras at 3 M final concentration. NADPH oxidation rates were measured at 340 nm in the presence of oxyhemoglobin under identical conditions, and the rate of NADPH oxidation was calculated using an extinction coefficient of
-dependent nNOS oxidation of NOHA to nitrite was assayed in 96-well microplates at 37°C as described previously (39) with modification. The assay volume was 100 l and contained 40 mM EPPS, pH 7.6, 300 nM nNOS heterodimer or homodimeric nNOS, 1 mM NOHA, 1 mM DTT, 25 units/ml superoxide dismutase, and 100 M H4B. Reactions were initiated by adding 30 mM FIG. 1. The four complementary heterodimers used in this study. Each heterodimer is comprised of a full-length and oxygenase domain subunit. Two oxygenase domains (rounded squares) form the dimer interface and bind heme, H4B, and Arg, whereas the single reductase domain (rectangle) binds CaM, FMN, FAD, and NADPH. All full-length subunits contain the G671A mutation (solid square). Fulllength or oxygenase domain subunits may also contain the Arg binding mutation E592A (star).
H 2 O 2 and stopped after 10 min incubation at 37°C by adding 1300 units of catalase. Nitrite was detected at 550 nm after adding Griess reagent (100 l) and quantitated based on nitrite standards.
Reduction of Heme Iron-All samples were equilibrated at 25°C under anaerobic conditions in EPPS buffer (pH 7.6) saturated with CO. The cuvette contained a heterodimer formed from 3 M of either G671A or G671A/E592A full-length mutant with 6 M wild type nNOSoxy, in CO-saturated 40 mM EPPS buffer, pH 7.6, containing 0.5 mM DTT, 100 M H4B, 10 mM Arg, 3 M CaM, 0.9 mM Ca 2ϩ , and 0.6 mM EDTA. Concentrated anaerobic NADPH solution was added to a final concentration of 0.1 mM, and successive spectral measurements were recorded. After spectral change had stopped, a small amount of dithionite solution was added, and the spectrum was recorded again. Heme reduction was measured as the absorbance difference between 444 and 500 nm and was quantitated using the initial spectrum recorded without NADPH as a base line and the dithionite-reduced spectrum as representing 100% reduced heme.
Arg Binding-Arg binding affinity was studied at room temperature by perturbation difference spectrometry according to methods described previously (6, 40) . The buffer contained 40 mM EPPS, 10% glycerol, 1 mM DTT, 10 M H4B, and 2 M enzyme. 1 mM imidazole was added to the cuvette prior to titration with Arg (0 -1 M). The K d of Arg was calculated by double reciprocal analysis of the absorbance differences versus substrate concentration.
RESULTS
Characterization of nNOS Mutants G671A, G671A/E592A, and nNOSoxyE592A-The G671A mutation in rat nNOS is analogous to the previously characterized G450A mutation in mouse iNOS, which completely inhibits homodimer formation but permits heterodimer formation with either wild type monomers or monomers that contain a distinct mutation (34, 40 -43) . We thus hoped that G671A nNOS would display a similar phenotype to facilitate heterodimer formation. The nNOS E592A mutation is analogous to the previously characterized E371A mutation in mouse iNOS and E361A mutation in human eNOS. Both mutations completely prevent Arg binding in homodimeric NOS (6, 44) , and studies with iNOS show that a heterodimer containing only one E371A mutation displays normal Arg binding in the partner subunit that does not contain this mutation (34) . This is consistent with crystal structure data showing that Glu 371 is a key protein residue that holds substrate Arg above the heme in the active site by forming hydrogen bonds between its carboxylate group and two guanidino nitrogens of Arg (9 -11) . Because this Glu residue is highly conserved among all NOS isoforms (6, 44), we expected that its mutation would also prevent Arg binding in nNOS.
Gel filtration of full-length nNOS mutants purified in the absence of Arg and H4B showed that G671A was predominantly monomeric but still contained some detectable dimer, whereas the E592A/G671A double mutant was almost completely monomeric (Fig. 2) . In comparison, wild type nNOS purified under identical conditions was predominantly dimeric (Fig. 2, inset) , consistent with previous reports (29, 30, 45) . The gel filtration profiles of G671A and the double mutant did not change after incubating the proteins overnight with 10 mM Arg or 100 M H4B alone or in combination (Fig. 2) . Gel filtration of nNOSoxyE592A showed that it was predominantly dimeric (data not shown), consistent with the analogous iNOS mutant (6) . We conclude that (a) the G671A mutation causes a partial defect in nNOS homodimer formation that cannot be overcome by Arg or H4B and (b) the E592A mutation does not prevent nNOS dimer formation.
UV-visible spectra of purified nNOS G671A, G671A/E592A, and nNOSoxyE592A under various conditions are shown in Fig. 3 . Reduction by dithionite in the presence of CO allowed formation of ferrous heme-CO complex absorbing at 444 nM for all three proteins (Fig. 3, insets) . This indicates proper heme incorporation with cysteine thiolate axial ligation. Spectra of the ferric proteins in buffer containing DTT show a split Soret absorbance at 380 and 460 nM in all cases. This is characteristic of a bis-thiolate in which the ferric NOS heme iron has bound DTT (46) . There is also some absorbance present at 415-430 nm in the spectra of G671A and nNOSoxyE592A that is due either to incomplete DTT binding or some binding of imidazole carried over from the purification. Adding Arg alone brought about a weak but discernible shift in the spectrum of G671A that indicated displacement of bound DTT by Arg and a shift toward a high spin state (Fig. 3, trace B, upper panel) . Adding Arg failed to produce this change in the spectra of G671A/ E592A or nNOSoxyE592A mutants (trace B, middle and lower panels). The addition of H4B alone caused a shift in the spectra toward high spin in all three mutants, indicating that H4B displaced some bound DTT (trace C, all panels). The H4B effect was most prominent in nNOSoxyE592A, consistent with this protein being predominantly dimeric. Further addition of Arg to the H4B-bound proteins slightly increased the high spin character of G671A (trace D, upper panel) but did not cause any change in the spectra of G671A/E592A or nNOSoxyE592A (trace D, middle and lower panels). Arg was also unable to displace imidazole bound to the heme in nNOSoxyE592A (data not shown). These results, in light of the gel filtration data, suggest that the G671A mutation limits Arg and H4B binding by inhibiting nNOS dimerization, whereas the E592A mutation specifically inhibits Arg binding without an effect on dimerization. The nNOS mutants therefore display the expected phenotypes, with the exception that the G671A mutation did not completely prevent nNOS homodimer formation.
The G671A mutant had a very low but detectable NO synthesis activity as measured by the oxyhemoglobin spectroscopic assay (3% of wild type nNOS, Table I ). This is consistent with our spectral data indicating that its small dimeric fraction is able to bind H4B and Arg. There was no detectable increase in its activity after incubating overnight with 10 mM Arg and 20 M H4B, in keeping with this incubation not increasing dimer content (see Fig. 2 ). The nNOS double mutant G671A/E592A has no detectable NO synthesis activity (Table I) , consistent with its being primarily monomeric and completely unable to bind Arg. H 2 O 2 -dependent L-NOHA oxidation to nitrite activities essentially mirrored the NO synthesis results (0.68 Ϯ 0.42 min Ϫ1 for G671A and undetectable for both G671A/E592A and nNOSoxyE592A, compared with 22.7 Ϯ 1.8 min Ϫ1 for wild type nNOS). Both G671A and the double mutant displayed weak NADPH oxidation upon CaM binding in the presence of H4B and Arg and virtually no NADPH oxidation in the absence of CaM (Table I) . NADPH supported only trace heme iron reduction in G671A or G671A/E592A mutants as determined by CO binding under anaerobic conditions (data not shown). These data indicate that heme reduction in nNOS requires dimerization, as is also true for iNOS (33, 34) .
Generation of nNOS Heterodimers-To determine the path of electron transfer in nNOS, we generated four different heterodimers by combining full-length subunits of G671A or G671A/E592A with subunits of either wild type nNOSoxy or E592A nNOSoxy (Fig. 1) . The dimeric nNOSoxy proteins were first dissociated into heme-containing monomers using 3 M urea, diluted, and then mixed with the complementary fulllength subunits. Full-length G671A and G671A/E592A mutants were used without urea pretreatment in our heterodimer experiments. 2 H4B and Arg were then added to promote dimerization of subunits. As shown in Fig. 4A , this generated a SDS-resistant heterodimer whose estimated molecular mass (ϳ235 kDa) matched the molecular mass as calculated from the amino acid sequence (241 kDa). The heterodimer dissociated when boiled under reducing conditions (Fig. 4B ) and eluted as a single peak during gel filtration under native conditions ( Fig.   2 Although treating G671A nNOS with 3 M urea completely dissociated its residual dimer fraction (data not shown), we found that this treatment did not increase heterodimer formation relative to using G671A protein as purified. 4C) with estimated molecular mass of 231 kDa (Fig. 4D) .
Incorporating the E592A Arg binding mutation into both, none, or either of the oxygenase domains in the heterodimer allows NO synthesis to become a marker to identify which heme(s) receive electrons from the single reductase domain. Specifically, if both hemes can be reduced, then three of the heterodimers should be active and one (FL G671A/E592A / OXY E592A ) should not (see Fig. 1 ). If only the heme that is adjacent to the reductase domain is reduced (as occurs in iNOS; Refs. 33 and 34), then two of the heterodimers should be active (FL G671A /OXY WT and FL G671A/E592A /OXY WT ), and two should not (FL G671A /OXY E592A and the FL G671A/E592A /OXY E592A ). If only the heme present in the same subunit as the reductase domain is reduced, then a different heterodimer pair should be active (FL G671A /OXY WT and FL G671A /OXY E592A ).
NO Synthesis and NADPH Oxidation- Fig. 5A shows specific activities (nitrite synthesis from Arg) in four complementation reactions where either the G671A or G671A/E592A fulllength mutants were induced to dimerize with increasing concentrations of either wild type nNOSoxy or E592A nNOSoxy subunits (see Fig. 1 for heterodimer composition) . It is apparent from the curves that the FL G671A /OXY WT and FL G671A/E592A /OXY WT complementation reactions became active, while the FL G671A /OXY E592A and FL G671A/E592A /OXY E592A reactions were no more active than the parent full-length subunits. Identical results were obtained when CaM was or was not bound to the full-length subunits during the dimerization incubation (data not shown). Maximum activities attained by the FL G671A /OXY WT and FL G671A/E592A /OXY WT heterodimers were about half the value we obtained with a wild type nNOS homodimer in the same assay (600 mol of nitrite/mol of heme; Fig. 5A ).
To examine if the low activity in the latter two heterodimer reactions was due to a dimerization defect, we carried out an antagonism study (40, 43) whereby we examined the ability of nNOSoxyE592A monomers to compete with a fixed amount of wild type nNOSoxy in forming a heterodimer with G671A as well as the G671A/E592A full-length subunits (Fig. 5B) . This showed that nNOSoxyE592A monomers lowered the specific activity achieved in the complementation reaction in a concentration-dependent manner, down to levels that were close to the maximum activities obtained in Fig. 5A for each of the full-length mutants alone. Their good ability to compete with wild type nNOSoxy monomers indicates that E592A monomers were able to form heterodimers with the full-length subunits. Together, these results argue against the single reductase domain transferring electrons to both hemes or to the heme in the same subunit. Rather, they support electron transfer only to the heme in the adjacent subunit and suggest that this enables oxidation of Arg at a normal rate within the adjacent subunit. Table I compares NO synthesis activities of the four heterodimers as assayed by the oxyhemoglobin method, along with their NADPH oxidation rates in the presence and absence of CaM. The NO synthesis assays match results obtained in the nitrite assays of Fig. 5A ; namely, the FL G671A /OXY WT and FL G671A/E592A /OXY WT heterodimers were equally active, while the other two heterodimers were not active. Also, here the heterodimers were again almost half as active on a per heme basis as wild type nNOS. Interestingly, NADPH consumption was increased in a CaM-dependent manner in all four heterodimers irrespective of their NO synthesis. This suggests that CaM triggers heme reduction in the heterodimers even in the absence of substrate, as is true for wild type nNOS (20) . That NADPH consumption in the presence of CaM was predominantly implicated with heme reduction was confirmed by the fact that an Arg analogue that blocks heme reduction in nNOS (N -nitro-L-arginine methyl ester; Refs. 47 and 48) inhibited NADPH oxidation of the FL G671A /OXY WT heterodimer by about 78% (data not shown).
NADPH-dependent Heme Iron Reduction-We next examined the FL G671A /OXY WT and FL G671A/E592A /OXY WT heterodimers regarding their NADPH-dependent heme iron reduction in the presence of CO under anaerobic conditions. Heterodimers were formed by combining 3 M full-length subunits with 6 M oxygenase domain monomer in the presence of Arg and H4B. Fig. 6 plots the time-dependent formation of a ferrous heme-CO complex after adding NADPH to either heterodimer. In both cases, reduced heme reached a maximum that represented about 30 -35% of the total heme present in the cuvette (determined by adding dithionite at the end of the experiment). This result is consistent with the relative proportion of full-length and oxygenase subunits in the reactions and suggests that all of the full-length subunits formed a heterodimer that catalyzed transfer of NADPH electrons to the heme located only in the adjacent subunit.
Ability of CaM Substitutes to Support Heterodimer NO Synthesis-We investigated the role of CaM in controlling heterodimer heme reduction by comparing the abilities of four substitute CaMs to support NO synthesis. These four substitutes (ScaM-1 V144M and CaMTnC chimeras CaM2TnC, CaM1TnC, and CaM3TnC) all bind tightly to wild type nNOS (36) and are known to support a range of slower NO synthesis and heme reduction rates (25, 35) , with the exception of CaM3TnC, which supports no heme reduction or NO synthesis. As shown in Fig. 7 , the FL G671A/E592A /OXY WT heterodimer responded the same as wild type nNOS toward the four CaM substitutes regarding rate of NO synthesis.
DISCUSSION
Electron transfer in our nNOS heterodimer occurred only between the reductase and oxygenase domains of opposite subunits and resulted in a normal rate of catalysis by the reduced heme. This conclusion is uniquely consistent with (a) the NO synthesis pattern we observed among the four heterodimers, (b) their maximum rate of NO synthesis (ϳ50% of a nNOS homodimer), and (c) their extent of NADPH-dependent heme reduction (only one of two hemes was reduced). Our finding helps explain why nNOS must dimerize to support heme reduction and catalyze NO synthesis. Because iNOS has an identical structural constraint regarding its heme reduction (34, 35) , our results imply that intersubunit electron transfer is a general feature among the NOSs.
The heterodimer also helps to clarify some aspects of reductase domain and CaM function in nNOS. For example, the simple absence of a second attached reductase domain did not allow heme reduction to occur; nor did it alter catalysis by the heme once it received electrons upon CaM binding. Thus, reductase domains do not influence either reduction or function of the oxygenase domains to which they are covalently attached. Rather, the single reductase domain in the full-length subunit could only interact productively with the oxygenase domain in the adjacent subunit. This process was differentially controlled by CaM and four CaM substitute proteins that are known to bind well to nNOS homodimer and support a range of slower heme reduction rates. Remarkably, the four CaM proteins affected the heterodimer in exactly the same manner as the nNOS homodimer. They supported NO synthesis in the same rank order (CaM Ͼ CaM2TnC Ͼ ScaM1 V144M Ͼ CaM1TnC Ͼ Ͼ CaM3TnC) and each supported an identical rate of NO synthesis (per active heme) in four of four circumstances. Such close identity between nNOS heterodimer and homodimer strongly implies that CaM binding activates heme reduction FIG. 6 . Heme reduction in FL G671A /OXY WT and FL G671A/E592A / OXY WT heterodimers. Heterodimers were made by incubating 3 M full-length proteins with 6 M nNOSoxy monomer in the presence of Arg, H4B, excess Ca 2ϩ , and CaM. Samples were made anaerobic and were saturated with CO. Heme reduction was initiated by adding NADPH, and spectra were recorded at the indicated times. After 35 min, dithionite solution was added, and a spectrum was recorded to determine total reducible heme in the cuvette (expressed as 100% in the figure) . through an identical mechanism in both proteins. A model for CaM function consistent with our results is shown in Fig. 8 .
CaM binding does not alter the thermodynamics of electron transfer in nNOS (49) but instead removes a kinetic barrier to heme reduction. The heterodimer reveals that CaM does so by allowing a productive interaction to occur between reductase and oxygenase domains on adjacent subunits. However, it is interesting to note that CaM binding still does not remove the kinetic barrier toward heme reduction within the same subunit. Recently, autoinhibitory control elements have been identified in the FMN module and the extreme C terminus of the nNOS reductase domain (28, 50 -52) . These elements must help establish a kinetic barrier to heme reduction, because removal of either element allows for some NO synthesis to occur in the absence of bound CaM (50 -52) . Although this suggests that the elements actively suppress electron transfer between reductase and oxygenase domains, it is unclear whether they do so within the same subunit, between adjacent subunits, or both. Heterodimer experiments similar to those reported here can resolve these possibilities.
The nNOS and iNOS heterodimers point out some interesting similarities and differences between NOS isoforms. For example, the E592A mutation completely prevented Arg binding and NO synthesis in the nNOS oxygenase domain that contained the mutation. Because this mutant phenotype matches the corresponding E371A mutation in mouse iNOS (6) and E361A mutation in human eNOS (44) , it confirms that Glu 592 performs an identical function in nNOS, namely to bind the guanidino group of Arg and hold it above the heme. Conservation of function matches the high sequence homology among NOS substrate binding helices, which all contain this Glu residue (6, 44) .
G671A nNOS was partly dimeric (about 20%). This contrasts with the analogous iNOS G450A mutant that is 100% monomer (41, 42) . The difference matches the fact that a nNOS dimer requires higher urea concentrations to dissociate than an iNOS dimer. 3 Indeed, available sequence and crystal structure data predict some differences among residues that make up the dimer interface in iNOS and nNOS, particularly around nNOS Gly 671 and in the N-terminal hook (43, 53) . These will be discussed in detail elsewhere. 4 Although G671A nNOS was not a complete monomer, its ability to form heterodimers with nNOS oxygenase subunits appeared complete (i.e. on a stoichiometric basis). Complete heterodimer formation would require residual G671A nNOS dimer to dissociate and may be favored for two reasons: (a) heterodimers contain only one dimer-destabilizing G671A mutation instead of two, and (b) heterodimers contain only one attached reductase domain instead of two (attached reductase domains destabilize the NOS dimer; Ref. 32) .
In iNOS, dimer formation enables heme reduction in two ways; it permits intersubunit electron transfer as discussed above and also removes a thermodynamic block by creating productive H4B and Arg binding sites in the dimer (34, 48) . The heme in an iNOS dimer is held at such a low potential that in the absence of H4B and (more importantly) Arg, its reduction by the flavins is not thermodynamically favored (48) . In contrast, the heme in a nNOS dimer is held at a more positive potential and is reduced by the flavins even in the absence of Arg and H4B (48, 49) . This is consistent with our observing fast NADPH oxidation by the nNOS heterodimer that contained an Arg binding mutation in both oxygenase domains. Thus, the primary barrier to heme reduction in nNOS is a kinetic one, and it is removed when the dimer binds CaM. However, since iNOS always contains bound CaM, its unique thermodynamic barrier lets Arg binding replace CaM as the major factor controlling its heme reduction.
From an evolutionary standpoint, it is interesting to imagine how NOS heme reduction came to depend on intersubunit electron transfer. In our previous report (34) , we speculated that NOS may have become a bidomain monomer (fusion of reductase and oxygenase genes, as in cytochrome P450BM3) before becoming a homodimer. This circumstance would have intradomain electron transfer occurring in the monomer precursor and its being replaced by interdomain electron transfer after the enzyme became dimeric. However, genes encoding NOS oxygenase-like proteins have recently been discovered in three microorganisms, and at least one of the gene products is dimeric when expressed in E. coli. 5 This implies that NOS first achieved a dimeric structure and must have received electrons from an unattached redox partner, as is seen in most cytochrome P450s. In this circumstance, a later gene fusion event that linked NOS oxygenase and reductase domains would have immediately created a situation where interdomain electron transfer could take place.
Although the NOS reductase domain is quite similar to NADPH cytochrome P450 reductase, its electron transfer interactions are controlled differently. This is manifest by its Ca 2ϩ /CaM requirement, its autoinhibitory structural elements, its relying exclusively on interdomain interaction, and its different utilization of negatively charged residues in "cluster 1" of its FMN module (54) . The origin and basis of these differences is interesting from both evolutionary and protein structure-function standpoints. Heterodimer methods as outlined here can help to address these issues.
FIG. 8. CaM-induced electron transfer in a nNOS heterodimer.
In the absence of CaM, the nNOS protein prevents electron transfer between the single reductase domain and either heme in the heterodimer. CaM binding enables electron transfer between FMN and the heme located on the adjacent subunit.
